A precursor film has been fabricated from TGA (thiolglycolic acid)-stabilized CdTe nanoparticles and NDR (nitro-containing diazoresin) using electrostatic interactions and the standard layerby-layer assembly method; covalent bonds are formed under ultraviolet irradiation. XPS provided evidence for the presence of CdTe nanoparticles within the polymer ultrathin films. UV-visible spectroscopy and FTIR spectroscopy provide evidence for the formation of a covalent linkage. Moreover, the UV-visible spectroscopy and AFM measurement support the improvement of the stability of the hybrid organic/inorganic film toward polar solvents when the linkages between the nanoparticles and polymer changed from ionic bonds to covalent bonds. C 2002 Elsevier Science (USA)
INTRODUCTION
Nanoparticles of semiconductors are at the focus of materials research owing to the special physical and chemical properties (1) (2) (3) (4) . Based on the successful synthesis of a variety of highquality semiconductor nanoparticles, hybrid organic/inorganic film is fabricated following the standard layer-by-layer (LbL) self-assembly technique (5) (6) (7) . Compared with the physical method including chemical vapor deposition (CVD), flexibility and tunability are the highlights of the self-assembly method by intermolecule interaction such as electrostatic force, Hbonding, and van der Waals force (8) (9) (10) (11) (12) (13) (14) (15) (16) . Therefore, this technique facilitates the buildup of multilayer structures from different materials, and controlled self-assembly of nanoparticles into nanoscale ultrathin films are a meaningful objective for optoelectronic applications as light-emitting diodes (LEDs) (8) (9) (10) (11) . Although this technique has numerous advantages, the LbL process is an adsorption and desorption balance of materials at solid/liquid interfaces (17) . The resulting films can be greatly affected by ambient factors such as pH value, temperature, ionic strength, etc., which greatly confines the applications of this nanoscale film. Consequently, the enhance-ment of the stability of the assembled films has always been an important challenge (8, 11) . To our knowledge, there was no report on the formation of covalently attached nanoparticlebased self-assembly films through the photoreaction of a photosensitive precursor film. In the present paper, a precursor film was fabricated from TGA (thiolglycolic acid)-stabilized CdTe nanoparticles and NDR (nitro-containing diazoresin) via electrostatic force. The linkages between the nanoparticles and polymer to change from ionic bonds to covalent bonds can be realized under ultraviolet irradiation. Consequently, the stability of the ultrathin nanoparticle-based film was improved dramatically.
EXPERIMENTAL SECTION
Materials. Poly(diallyldimethylammonium chloride) (PD-AC) was from Aldrich. Polycationic nitro-containing diazoresin (NDR) was kindly provided by Prof. Weixiao Cao (College of Chemistry and Molecular Engineering, Peking University, Beijing) (18) (19) (20) . The molecular weight (M n ) of the NDR was ca. 2500. Aqueous TGA-stabilized CdTe nanoparticles were prepared according to the literature (7). A 3-ml aliquot of 0.013 M CdTe suspension was diluted to 30 ml with water and the pH was adjusted to 5.0 by the addition of HCl. The UV-vis absorption spectra of NDR aqueous solution and TGA-stabilized CdTe suspension used are shown in Fig. 1 . The absorbance peak at 384 nm is assigned to the π -π * transition of the diazonium group of NDR (18) . The band at 560 nm is assigned to the first exciton band of CdTe nanoparticles (7). Deionized water was used throughout.
Characterization. UV-visible transmission spectra were obtained using a Shimadzu 3100 UV-vis-near-IR recording spectrophotometer. X-ray photoelectron spectroscopy (XPS) was performed using a VG ESCALAB MK II spectrometer with an MgK α monochromatized (1253.6 eV). FTIR spectra were collected at a 4-cm −1 resolution on a Bruker IFS66V FTIR instrument equipped with a DTGS detector. AFM measurements were recorded on a Digital Instruments IIIa scanning probe microscope. All measurements were performed at room temperature under an ambient atmosphere. Fabrication of a precursor film. The LbL films were prepared at room temperature in the dark. A cleaned substrate (quartz slide, CaF 2 wafer, and single-crystal silicon) was first modified by adsorption of PDAC (0.9 vol%) according to Ref. (15) . Then, these charged substrates were alternately dipped into a CdTe suspension and aqueous solutions of NDR (1 mg/ml) for 20 min each, interrupted with water washing and N 2 drying. The CdTe nanoparticles/polyelectrolyte multilayer films were fabricated. For AFM measurement, a cleaned negative mica substrate was dipped into aqueous solutions of NDR and CdTe suspension for 20 min each, interrupted with water washing and N 2 drying. Then, a one-bilayer film was prepared.
RESULTS AND DISCUSSION
Fabrication of CdTe nanoparticle/polycation photosensitive precursor films. Following our recent work on the preparation of luminescent polyelectrolyte/nanoparticle multilayer composite films (15, 16) , we present here the fabrication and photoreaction of a nanoparticle-based photosensitive precursor film. This self-assembly strategy relies on an electrostatic force between the polycation of NDR and negative CdTe nanoparticle. Figure 2 shows the UV-vis absorption spectra of an NDR/CdTe multilayer film prepared on a quartz slide with different numbers of bilayers. The appearance of the peak at 384 nm illustrates that the NDR was assembled successfully into a thin film. In addition, the observed linear increase of the diazonium group absorbance vs the number of bilayers (inset of Fig. 2 ) indicate a stepwise and uniform assembling process. It can be estimated that the absorbance at 384 nm increases by ca. 0.007 for every bilayer. The band edge absorbance of the first exciton band of CdTe nanoparticles at 560 nm is not clear in the resulting film, and the absorbance below 450 nm dramatically increased (Fig. 2) . This result is not enough to conclude whether the CdTe nanoparticles were assembled into the film successfully. The elemental composition of the CdTe/NDR multilayer films was analyzed by XPS, which was proven previously to be a useful tool for investigating the chemical nature of the cluster surface and ultrathin films (15, 16, 21) . Figure 3 shows the XPS data for these CdTe/NDR ultrathin films. The characteristic XPS N(1s) peak at 399 eV is assigned to the diazonium group of NDR, and the appearance of the characteristic XPS Cd(3d 5/2 ) peak at 405.9 eV, Te(3d 5/2 ) peak at 573.6 eV confirmed the existence of cadmium and tellurium species in the film (22) . Therefore, the CdTe nanoparticles were assembled into the film successfully. The driving force for the construction of a NDR/CdTe multilayer film should be electrostatic force for the strong interaction between the positive diazonium group of NDR and the negative carboxylate group on the surface of CdTe (7, 15, 16) . It was found that the adsorption and desorption balance also exist during the LbL process. Experiments show the absorbance at 384 nm for the diazonium group slightly decreased after immersion in a CdTe suspension while the absorbance for nanoparticles increased; this cycle occurred for every bilayer but the entire absorbance of the ultrathin film increased linearly. It suggested that the concentration of NDR in the slide decreases as desorption competes with CdTe nanoparticles adsorption at the surface of the substrate, leading to decreased NDR absorbance. Judging from this result, the stability of this thin film via electrostatic force is not good.
Photo-cross-linking reaction in the photosensitive precursor films. As for the polycation of NDR used here, diazonium groups are easy to decompose under ultraviolet irradiation and   FIG. 2 . UV-vis absorption spectra of 2-, 4-, 6-, 8-, 10-, and 12-bilayer CdTe/NDR self-assembled films on a quartz slide. Inset: absorbance at 384 nm of (CdTe/NDR) * n films vs the number of NDR layers. form cationic phenyl groups. This group can react easily with the nucleophile of carboxylic acid groups and convert ionic bonds to covalent bonds (18-20, 23, 24) . Photoreaction in a multilayer film has been applied to a variety of chemicals, including polyanion (23), dye molecules (24) , and dendrimers (19) . The advantage of the present approach is that the stability of the ultrathin nanoparticle-based film was improved dramatically with ultraviolet irradiation. A 20-bilayers film, based on NDR and TGA-stabilized CdTe nanoparticles, was irradiated with UV light for different times as shown in Fig. 4 . Under UV irradiation, the diazonium groups decomposed gradually with the decrease of the absorbance at 384 nm (absorption of N + 2 group) and concomitant increase of the absorbance at 292 nm (Ph-O absorption); an isosbestic point at 323 nm appeared. This result indicates the formation of a covalent linkage. The conversion of the ionic bonds to covalent bonds is shown in Scheme 1.
The decomposition of diazonium groups and the formation of covalent bonds were further verified by FTIR spectra of the 20-bilayers film fabricated on a CaF 2 wafer. Before UV irradiation (Fig. 5a) , the peak at 2222 cm −1 can be found, which originates from the stretching vibrational mode of diazonium groups. And the peak at 1130 cm −1 corresponds to the N-O stretching vibrational mode of the complexes of diazonium and carboxylate groups (23) . Another peak at 1585 cm −1 is related to the phenyl groups connected with the diazonium group in NDR because of the strong conjugation of phenyl and diazonium groups. The peak at 1608 cm −1 is assigned to the asymmetric stretching vibrational mode of -COO − . After UV irradiation (Fig. 5b) , the SCHEME 1. Photoreaction of NDR and TGA-stabilized CdTe nanoparticles in a self-assembled film. peaks at 2222, 1585, and 1130 cm −1 disappeared completely, which meant the decomposition of the diazonium groups in the multilayer films. It was consistent with the UV-vis spectra as mentioned before. While the formation of an ester bond is verified by the marked decrease of the absorbance at 1608 cm −1 and the appearance of a new peak at 1259 cm −1 (the asymmetric stretching vibrational mode of C-O-C in the ester bond). This result indicates that after UV irradiation the original ionic bond in the multilayer films has been destroyed and covalent linkages formed.
The stability of covalently attached films. The improvement of the stability of the film with UV irradiation was identified by a solvent etching experiment using a ternary mixture of H 2 O-DMF-ZnCl 2 (3 : 5 : 2, w/w/w) (23) . The amount of films etched out can be estimated easily from the change of the UV-vis absorption spectra (Fig. 6) . For a 16-bilayer film without UV irradiation an obvious scale off is observed after a 5-min immersion, estimated from the change of the UV-vis spectroscopy at 384 nm (the diazonium group absorbance). While a relative less decrease in absorbance at 292 nm (the Ph-O absorbance) was observed for the multialyer film with 400 min of UV irradiation as shown in Table 1 . This film can be scaled out still and the absorbance became weaker with prolonged etching time. In fact, a significant change of absorbance occurred over a short etching period. The observed absorbance decrease for each unit of time becomes less obvious with prolonged etching time. The scaled off amount of multilayer for unirradiation is about 4 times than that of irradiation, which means the stability of the film toward polar solvents would be improved dramatically when the linkages between the nanoparticles and polymer changed from ionic bonds to covalent bonds.
The existence of CdTe nanoparticles in the ultrathin film and the changing of linkages between the nanoparticles and polymer from ionic bonds to covalent bonds were further verified by AFM measurement. The CdTe nanoparticles with slight aggregation could be clearly seen in a one-bilayer film with more than 80% surface coverage. It should be mentioned that for such small particles it is difficult to determine the actual size and surface coverage because of the convolution with the tip shape (25) , but the qualitative estimation could be used to investigate the stability of the assembly film with UV irradiation. The surface coverage had no difference for both of the films with irradiation and without irradiation, which means that the formation of a uniform multilayer film from NDR and TGA-stabilized nanoparticles via electrostatic force is practicable. The onebilayer film with 5 min of solvent etching is also investigated by phase image of tapping mode (Fig. 7) . There was no obvious change for the film with 30 min of UV irradiation, while around 40% nanoparticles scaled off for a film without irradiation. This direct proof verified that changing the linkages between the nanoparticles and polymer from ionic bonds to covalent bonds would dramatically enhance the stability of nanoparticlebased films, which was consistent with the UV-vis spectra result. 
CONCLUSIONS
In summary, CdTe nanoparticles and a NDR-based ultrathin multilayer film was fabricated by the LbL technique. Under UV irradiation, the linkages between the nanoparticles and polymer changed from ionic bonds to covalent bonds. The covalent attachment dramatically improved the long-term stability of hybrid organic/inorganic film toward polar solvents. It might be a meaningful method for reinforcing multilayer structures based on nucleophile passivated nanoparticles such as carboxyl, hydroxyl, and sulfonic acid as well. Further experimental work will focus on the luminescent properties of these covalently attached (CdTe/NDR) * n multilayer films.
